ABSTRACT. Classification of retinal ganglion cells (RGCs) in the chick central retina was studied by retrograde labeling of carbocyanine dye (DiI) and intracellular filling with Lucifer Yellow. Ganglion cells were divided into 4 groups, Group Ic/Is, Group IIc/IIs, Group IIIs, Group IVc, according to sizes of somal area and dendritic field and dendritic branching pattern. Group I cells had small somal area and small dendritic field. They were further divided into 2 subgroups by complexity (subgroup Ic) and simplicity (subgroup Is) of the dendritic arborization. Group II cells had medium-sized soma and dendritic field. They were also divided into subgroup IIc and IIs by the same definitions as those of subgroup Ic and Is. Group IIIs had medium-sized soma, large and simple dendritic arborization. Group IVc in which all cells had large soma, showed large and complex dendritic arborization. Cell populations of each group were 51.8% (subgroup Ic), 21.1% (subgroup Is), 6.2% (subgroup IIc), 14.6% (subgroup IIs), 4.2% (Group IIIs), and 2.1% (Group IVc). Subgroup Ic cells, which were very similar to β-cells in the mammalian central area, represented about a half of the ganglion cell population. Cells in subgroup Is and IIs, which were not reported in the mammalian retina, were found in the chick central retina in relatively high population (35.7%). Morphological features of chick RGCs in the central retina were considered in comparison with those of other vertebrates.-KEY WORDS: bird, cell type, ganglion cell, intracellular filling, retina.
labeled successfully dendritic arborization by DiI, and classified them into 8 groups. We attempted to classify chick RGCs in the ganglion cell layer (GCL) of the central retina. The central area of diurnal terrestrial birds such as chicks and quails is occupied by unimodal RGCs in somal size [7] . However, we hardly know whether or not the central area of the chick retina is really composed of a single type of RGCs like in primates [35] .
MATERIALS AND METHODS

Intracellular filling with Lucifer Yellow (LY):
Five chicks (White Leghorn) (posthatching day 8, P8) were used in this experiment. Under Nembutal anesthesia (45 µg/g BW), the lateral angle of the palpebra was cut laterally, and the conjunctiva was cut coronally along the eyeball. The eyeball was gently pulled out medially, and 3% Fast blue (FB, Sigma) in distilled water was injected (3 µl) into the optic nerve. After 5 days, chicks were perfused with 0.75% saline (10 ml, 38°C), and 0.5% paraformaldehyde in 0.1 M phosphate buffer (20 ml, pH 7.4, 4°C) through the heart using an injection needle (gage 22) under deep Nembutal anesthesia. After perfusion, the retina was carefully removed from the posterior hemisphere of the eyeball, and then stored in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, 4°C) for 30 min. Next, the retina was mounted on a gelatinized glass slide. Ganglion cells labeled by FB were randomly chosen one at a time in 2mM Lascorbic acid 0.1M phosphate buffer (pH 7.4) and received an iontophoretical injection of 3% LY (Polysciences) in distilled water for 30-120 sec under a fluorescence microscope (Olympus, excitation 365 nm, absorption 420 nm) (electrode negative: 5-10 nA). The retina was mounted Since the study of Cajal [6] , it has been known that there is a morphological variety of retinal ganglion cells (RGCs) in vertebrates. Afterwards, RGCs have been attempted to classify morphologically in various vertebrates according to the differences of their morphological characteristics [3, 25, 29] . On the other hand, it has been known since 1950s that there were some differences in physiological properties of RGCs [2, 27, 31] , and they were classified into 3 groups, Y-, X-and W-cells, in the cat retina in 1970s [8, 13, 14, 40] . Boycott and Wässle [4] classified using Golgi impregnation techniques cat RGCs into 3 major types, which were named α-, β-, and γ-cells. These 3 morphological types of ganglion cells, α-, β-, and γ-cells corresponded to the physiologically defined groups of Y-, X-, and W-cells, respectively [4, 15, 38] . So far, RGCs have been divided into 3 major types in most mammals, but it is probable that they could be classified more precisely [25, 29, 36] .
In contrast to mammals, a variety of ganglion cell types was more abundant in the retina of cold-blooded animals. In the teleost, RGCs were divided into 3 to 11 types by Golgi staining [24] and retrograde labeling of horseradish peroxidase (HRP) [12, 19] or cobalt-lysine [9] . Amphibian RGCs were classified into 3 to 7 types with methods of silver impregnation [23] , retrograde labeling by HRP [23, 41, 43] or intracellular filling with fluorescent dye [39] . Kolb et al. [26] and Ammermüller and Kolb [1] divided turtle RGCs into 24 types (G1-G24) in Golgi and HRP studies.
On the other hand, only a few studies were performed to classify avian RGCs by retrograde HRP labeling [pigeons: 17; quails: 22]. Ikushima et al. [22] described 7 types of RGCs in quails. Thanos et al. [42] , who investigated the regrowing ability of ganglion cells in the chick retina, by polyvinylalcohol 15000 (Fulka).
Retrograde labeling by DiI: Six chicks (P8) were perfused with the same method described above under deep Nembutal anesthesia. The eyeballs were dissected out from the orbit by cut close to the optic chiasm, and the lens and vitreous body were removed from the eyeball. Small crystals of DiI (1,1'-dioctadecyl-3, 3, 3', 3'-tetramethylindo-carbocyanine perchlorate; Molecular Probes, Eugene, OR) were placed on the caudal surface of the optic nerve stump under a dissection microscope. Then, the eyeball was immersed in 1% paraformaldehyde in 0.1 M phosphate buffer (pH7.4) for 4 weeks (37°C). Ganglion cells labeled by DiI were examined under a fluorescence microscope (excitation 545 nm, absorption 590 nm).
Data analysis: Twenty-five cells labeled by LY and 23 cells labeled by DiI in the central retina of the ganglion cell layer (GCL) were morphologically analyzed. Microscopic images of labeled cells were photomicrographed using a × 40 objective (total magnification × 206) on a 35 mm film (T-MAX 3200, Kodak). Images on the films were magnified at × 5.0, and were traced onto the tracing paper. The image data were entered into an image analyzing system (Luzex III, NIRECO, Tokyo, Japan) via a CCD-TV camera and used as numerical data. The numerical data were statistically analyzed with the aid of computer software (Microsoft, Excel ver 8).
RESULTS
A total of 48 RGCs in the central retina (an area 2mm around the highest density point) [7] , which were completely labeled by retrograde labeling of DiI or by intracellular injection of Lucifer Yellow, were chosen and their somata and dendritic fields were measured. An advantage of labeling by intracellular injection was that target selection allowed investigation of particular cell classes at given eccentricities on the basis of sizes and retinal positions of somata and initial segments of primary dendrites. In contrast, an advantage of labeling by DiI was that a single crystal labeled all ganglion cell classes indiscriminately.
On the basis of morphological features of the soma and dendrite, RGCs in the GCL of the central retina were divided into 4 groups, that is, cells with small soma and small dendritic fields (Group I: ×), cells with medium-sized soma and dendritic field (Group II:
), and cells with large dendritic field (Group III:
and Group IV: ) (Fig. 1 ). Group I: Thirty-five RGCs were defined as Group I cells. These cells were most frequently found in the GCL of the central retina (72.9% of the total labeled cells). Group I cells had small somata (range: 34-138 µm 2 , mean±S.D.: 76.9 ± 25.7 µm 2 ) and were polygonal, round, or oval in shape. Dendritic fields of these RGCs were localized in a limited area (range: 1,790-34,000 µm 2 , mean±S.D.: 15,900 ± 9,591 µm 2 ). Group I cells were divided into 2 subgroups by the branching pattern of dendrites. Subgroup Ic had 3 to 5 primary dendrites. They ramified highly frequently and irregularly to form a disorganized complex dendritic tree with numerous fine branches (71% of Group I cells) (Figs.  2A, 3 ). Subgroup Is gave off 2 to 4 primary dendrites which poorly branched and formed the simple dendritic tree in the inner plexiform layer (IPL) (subgroup Is, Fig. 3) . They occupied about 29% of Group I cells. Dendrites in 80% of Group I cells extended symmetrically to show round or oval dendritic fields. But in 20% of Group I cells, particularly in subgroup Is, dendrites showed asymmetrical dendritic pattern. Group II: Ten labeled ganglion cells were classified as Group II cells. This group was the second largest group in chick RGCs (20.8% of the total labeled cells). Cells in this group had small to medium-sized soma (range: 108-208 µm 2 , mean±S.D. : 158±27.6 µm 2 ) and were often polygonal or round in shape. Dendritic fields of these cells were also medium-sized (range: 30,300-76,500 µm 2 , mean±S.D.: 54,900 ± 14,609 µm 2 ). Three to 5 primary dendrites emerged radially from the soma. The extent of their dendritic fields was symmetrical (90% of Group II cells) with only a few asymmetrical ones (10% of Group II cells). Group II cells were also divided into 2 subgroups based on branching pattern, subgroup IIs and IIc. Subgroup IIc cells had 4 to 5 thin primary dendrites, which showed a complex and dense dendritic arborization (Fig. 2B, 3 ). Subgroup IIs cells had 3 to 4 smooth primary dendrites which ramified into a few branches to show a simple and medium-sized dendritic tree (Fig. 2C, 3) . Dendritic fields of these cells were medium-sized. Frequencies of subgroup IIs and subgroup IIc were 70% and 30%, respectively.
Group III and IV: Cells in both groups were characterized by their large dendritic field. However, the numbers of these RGCs were only few in the central retina (Group III and IV: 4.2% and 2.1% of the total labeled cells). Group IIIs cells had medium-sized soma (range: 191-195 µm 2 , mean ± S.D.: 193 ± 1.8 µm 2 ), and their shapes were polygonal or round. Four to 5 long primary dendrites with small beads-like nodes branched infrequently to form large and simple dendritic tree (range: 92,200-97,800 µm 2 , mean ± S.D.: 95,000 ± 2,154 µm 2 ) (Fig. 2D, 3 ). Group IVc cells were similar to those of Group IIIs cells in dendritic field size, but somal size and the dendritic pattern were clearly different from those of Group IIIs cells. Group IVc cells had large soma (mean ± S.D.: 347 µm 2 ) and large and complex dendritic tree which were formed by many secondary and tertiary branches from 4 to 5 stout primary dendrites (110,000 µm 2 ) (Fig. 2E, 3) . The dendritic tree was round or elliptic, and its extent was symmetrical.
Cells with varicosities in their dendrites: Numerous spherical dendritic swellings were observed in some cells in subgroup Is, subgroup IIc and IIs, Group IIIs, and Group IVc. These "varicosities" considerably varied in positions, sizes, and numbers. These swellings would be one criterion for classification of RGCs. 
DISCUSSION
Chick RGCs were divided into 11 idealistic types, which are created from the possible systematic combinations of somal sizes, dendritic field sizes, and dendritic branching patterns based on the data collected from the GCL in a whole retina [32] . Of these combinations, 6 types of RGCs were actually identified in the central retina: Group Is/Ic, Group IIs/IIc, Group IIIs, Group IVc.
Many studies reported that RGCs were composed of some type neurons in various vertebrates. However, some pieces of information on avian retinal ganglion cell types, particularly in the central retina, were given by some authors. Hayes [17] and Bravo and Pettigrew [5] divided pigeon and owl RGCs along the similar context to the mammalian classification using an HRP method. However, avian RGCs were divided into more classes by other authors. Ikushima et al. [22] described 7 ganglion cell types (2 types are displaced RGCs) in quails by HRP, and Thanos et al. [42] classified them into 8 groups (one type is displaced RGCs) in chickens by DiI. Compared to these previous and the present results, even if there are some differences in fine nuance of criteria, they seem to be no significant variety derived from the differences in avian species. As shown in the present study, however, RGCs in the central retina were mostly composed of Group I cells and II cells, particularly subgroup Ic cells occupied about 50% of all labeled RGCs. According to Golgi [30] and HRP studies [18] in pigeons, RGCs in the central retina showed a single population composed of cells with small soma and small complex dendritic tree [18] .
In cold-blooded animals, RGCs were morphologically classified more precisely with taking account of the stratification pattern of dendrites in the IPL by many authors (see Introduction). Collin [9] described that small cells were dominant in the central retina. In cold-blooded animals, characteristic types of RGCs with unipolar or bipolar dendritic fields are found frequently in the peripheral retina, but these types of neurons were not found in the central retina [1, 26] . However, we found some RGCs with bipolar and asymmetrical dendrite trees in the central retina (subgroup Is, Fig. 3 [20] , and α-cells were found only few percent [20, 44, 45] in the central retina of cats and ferrets. The present study showed that subgroup Ic cells, which were similar to β-cells in mammals, indicated the lower population (51.8% of all labeled central RGCs) than β-cell population in mammals. In contrast, the chick central retina contained a considerable number of such RGCs as had simple, and small to medium-sized dendritic tree (subgroup Is and IIs, 35.7%) which could be hardly observed in the mammalian RGCs. Most dendritic arbors in the chick central retina extended radially, but some cells in subgroup Is showed systematic orientation. These data documented that chick RGCs are beside the current opinion with respect to the evolution of the central area, which involved in selections for systematic patterns of dendritic orientation and for cell types in the high-density region [37] .
